The general objective of the Consultative Group on International Agricultural Research (CGIAR) Micronutrients Project is to assemble the package of tools that plant breeders will need to produce mineral-and vitamindense cultivars. The target crops are rice, wheat, maize, phaseolus beans, and cassava. The target micronutrients are iron, zinc, and vitamin A. The combining of benefits for human nutrition and agricultural productivity, resulting from breeding staple food crops that are more efficient in the uptake of trace minerals from the soil and that load more trace minerals into their seeds, results in extremely high ex ante estimates of benefit-cost ratios for investments in agricultural research in this area. This finding derives from the confluence of several complementary factors. The rates of micronutrient malnutrition are high, as are the consequent costs to human welfare and economic productivity. High trace mineral density in seeds produces more viable and vigorous seedlings, and efficiency in the uptake of trace minerals improves disease resistance. Trace-mineral-"deficient" soils in fact contain high amounts of trace minerals that are "unavailable" to staple crop varieties presently grown. Adoption of nutritionally improved varieties by farmers can rely on profit incentives; delivery to consumers can rely on existing demand behaviour. Relatively small investments in agricultural research at a central research location may be disseminated widely. Breeding advances are derived from initial, fixed costs, with low recurring costs. The encouraging research results obtained to date under the project would seem to justify a much expanded effort in the future.
Introduction
Taken together, mineral and vitamin deficiencies affect a greater number of people in the world than does protein-energy malnutrition. In treating iron deficiency in developing countries, Yip [1] argued that if prevalence rates are above 25%, the best approach is to develop programmes to improve the iron status of the entire population. In such situations, which for pre-schoolers and women in developing countries are the rule rather than the exception, this is cheaper than screening for iron-deficient individuals. By increasing the iron content of food staples through plant-breeding, the entire iron-status distribution curve can be shifted to the right, so that targeting a subsequently smaller group of iron-deficient persons could become feasible.
An underlying cause of and fundamental constraint on solution of the micronutrient problem is that nonstaple foods, particularly animal products, tend to be the foods richest in bioavailable micronutrients, which the poor in many developing countries desire to eat, but cannot afford. Their diets consist mostly of staple foods, primarily cereals; in fact, per capita direct consumption of staple foods in the aggregate varies little according to income level. For the poor, these staple foods are already primary sources of what micronutrients they are able to consume, particularly minerals.
By breeding staple crop genotypes that load high amounts of minerals and vitamins into their seeds, the plant-breeding strategy seeks to develop staple food crops that, in some sense, fortify themselves. The strategy of breeding for mineral and vitamin enhancement of staple foods has several complementary advantages. No behavioural change on the part of consumers is required. Indeed, the strategy seeks to take advantage of the consistent daily consumption of large amounts of food staples by all family members Because trace minerals are important not only for human nutrition, but for plant nutrition as well, plant-breeding holds great promise for making a significant, low-cost, and sustainable contribution to reducing micronutrient and mineral deficiencies 375 The CGIAR Micronutrients Project in both humans and crops, and for increasing farm productivity in developing countries in a way that is environmentally beneficial [2] [3] [4] . Mineral-packed seeds sell themselves to farmers because, as recent research has shown, these trace minerals are essential in early establishment, in helping plants resist disease, and for the development of deep roots for semiarid conditions [5] . Because of their more efficient uptake of existing trace minerals, these varieties require fewer chemical inputs. Thus, the new seeds can be expected to be environmentally beneficial as well. After the one-time investment is made to develop seeds that fortify themselves, there are low recurrent costs; the costs of supplementation, fortification, and nutrition education remain constant year after year.
With the above as motivation (arguments that are developed in more detail in the following sections of this paper), the Consultative Group on International Agricultural Research (CGIAR) Micronutrients Project was initiated in 1995. The general objective has been to assemble the package of tools that plant breeders will need to produce mineral-and vitamin-dense cultivars. The target crops are wheat, rice, maize, phaseolus beans, and cassava. The target micronutrients being studied are iron, zinc, and vitamin A. For these crops and nutrients, this project is conceived as a pre-breeding study to determine the range of genetic variability available for exploitation by future breeding programmes; the bioavailability of the micronutrients contained in the grain (or seeds or other storage tissue) of the best selections; the genetics, physiology, and biochemistry of the selected traits; and screening protocols for use in subsequent breeding programmes.
The 
Can a breeding strategy work? Five key questions
A strategy of breeding plants that enrich themselves by loading high amounts of minerals and vitamins into their edible parts has the potential for substantially reducing the recurrent costs that are associated with other strategies, such as fortification and supplementa-tion. However, this approach will be successful only if farmers are willing to adopt such varieties, if the edible parts of these varieties are palatable and acceptable to consumers, and if the incorporated micronutrients can be absorbed by the human body. In examining the feasibility of a plant-breeding strategy, it was imperative to address five core questions.
Is it scientifi cally feasible to alter the micronutrient density of seeds?
At least three cases of agricultural research projects in developed countries have successfully manipulated the efficiency of mineral uptake of plants or the mineral content of plant seeds, and all have been commercially successful. Zinc-efficient wheat varieties have been developed at the Waite Agricultural Research Institute of the University of Adelaide and are already being grown on a commercial basis in Australia [6] . In the United States, an iron-efficient soya bean has been developed to overcome problems of iron-"deficient" soils, and cadmium levels in durum wheats have been reduced through plant-breeding to meet quality standards in countries importing US wheat. The potential to increase the micronutrient density of staple foods by plant-breeding was reviewed by Graham et al. [7] .
What effect will breeding for micronutrient-dense seeds have on plant yields? Will farmers adopt such varieties?
Results from research at Waite and elsewhere had shown that where the soil is deficient in a particular micronutrient, seeds containing more of that nutrient have better germination, better seedling vigour, and/or more resistance to infection during the vulnerable seedling stage [8, 9] . These benefits to crop establishment can result in higher crop yield. Thus, for some elements and agronomic settings, the specific breeding goals for human and plant nutrition largely coincide. There is the expectation, therefore, that the new cultivars with higher contents of micronutrients will have an agronomic advantage to ensure they are competitive in the market place.
A soil is said to be "deficient" in a nutrient when addition of fertilizer containing that nutrient produces better growth. On the basis of a number of soil surveys, particularly in China where the most extensive surveys have been done, it can be estimated that at least 50% of the arable land used for crop production worldwide is low in the availability of one or more of the essential micronutrients.
Zinc deficiency is probably the most widespread micronutrient deficiency in cereals. Sillanpää [10] found that 49% of a global sample of 190 soils in 25 countries were low in zinc. Unlike other micronutrients, zinc deficiency is a common feature of both cold and warm climates, drained and flooded soils, acid and alkaline soils, and heavy and light soils [11] .
However, the amount of a mineral micronutrient that is added to a soil to produce better growth is usually small compared with the total amount of that mineral already found in the soil. This is because the major part of the trace mineral in the soil is chemically bound to other elements in the soil and is unavailable to plants. For example, although iron is the fifth most abundant element in the earth's crust, the fraction of soil iron that is in soluble form for absorption by plants may only be 10 -13 of the total soil iron. Thus, depletion of soil iron is never an issue; instead, the issue is the ability of the plant to mobilize sufficient iron to satisfy its needs [12] .
In contrast to the extraction of macronutrients from soil, the depletion of mineral micronutrients may take hundreds or thousands of years or may never occur at all, because of various inadvertent additions and other processes, such as the carrying of minerals in wind-blown dust [13] . An alternative view of plant micronutrient deficiencies, therefore, is that there is a genetic deficiency in the plant, rather than a deficiency in the soil.
Tolerance to micronutrient-deficient soils, termed micronutrient efficiency, is a genetic trait of a genotype that causes it to be better adapted to, or to yield more in, a micronutrient-deficient soil than can an average cultivar of the species [14] . Growing zinc-efficient plants on zinc-deficient soils, for example, represents a strategy of "tailoring the plant to fit the soil," in contrast with the alternative strategy of "tailoring the soil to fit the plant" [15] . One mechanism of micronutrient efficiency is the exudation of substances from their roots that chemically unbind trace minerals from other binding elements and so make the trace minerals available to the plant. Mycorrhyzae might also participate in the acquisition of micronutrients. There is substantial genetic variability in the efficiency of uptake of mineral micronutrients from deficient soils and in nutrient loading into seeds.
By far the most extensive survey of efficiency factors has been carried out at the International Rice Research Institute by Ponnamperuma [16] . Over a period of 10 years, some 80,000 lines from the world collection were screened for types tolerant of a number of soil stresses, including micronutrient deficiencies. Tolerant types gave a yield advantage of about two tons per hectare under any of seven different soil limitations. Ponnamperuma noted that zinc deficiency was widespread in wet rice and iron deficiency in dry-land rice.
Micronutrient efficiency can be controlled by major, single-gene inheritance. The concentration and content of mineral micronutrients in seeds are the result of transport via living tissues (the phloem) from vegetative parts of the plant. Thus, seed density depends both on the micronutrient density of vegetative tissues and on the efficiency of the transport process itself. Both can be under genetic control, but there is considerable homeostasis built into the transport process, so that even when the soil and the vegetative plant are high in micronutrients, the levels in the seed are always relatively low. The average genetic variation in micronutrient density is probably of the order of a factor of three, whereas their vegetative parts may vary perhaps one hundred times more than that.
Linkage of zinc efficiency to other efficiency traits (for example, manganese efficiency) is poor, suggesting independent mechanisms and genetic control not linked to gross root-system geometry. Plants with zinc-efficient genotypes absorb more zinc from deficient soils and produce more dry matter and more grain yield, but do not necessarily have the highest zinc concentrations in tissue or grain. Although high zinc concentration in the grain also appears to be under genetic control, it is not tightly linked to agronomic zinc efficiency traits and may have to be selected for independently.
Good nutrition balance is as important to disease resistance in plants as it is in humans. Efficiency in the uptake of mineral micronutrients from the soil is associated with disease resistance in plants, which leads to decreased use of fungicides. Micronutrient deficiency in plants greatly increases their susceptibility to diseases, especially fungal root diseases of the major food crops. The picture emerging from physiological studies of roots conducted over four decades is that phosphorus, zinc, boron, calcium, and manganese are all required in the external environment of the root for membrane function and cell integrity, to minimize leaking of cell contents such as sugars, amides, and amino acids. These substances are chemotactic stimuli to pathogenic organisms. It appears that micronutrient deficiency predisposes the plant to infection, rather than that the infection causes the deficiency through its effect on root pruning [17, 18] . Breeding for micronutrient efficiency can confer resistance to root diseases that had previously been unattainable. This means a lower dependence on fungicides, where they are already being used.
Compared with other varieties, micronutrient-efficient varieties grow deeper roots in mineral-deficient soils and are better at tapping subsoil water and minerals [19, 20] . When topsoil dries, the roots in the dry soil zone (which are the easiest to fertilize) are largely deactivated, and the plant must rely on deeper roots for further nutrition. The roots of plants with genotypes that are efficient in mobilizing the surrounding external minerals not only are more disease resistant, but also are better able to penetrate deficient subsoils and so make use of the moisture and minerals contained in subsoils. This reduces the need for fertilizers and irrigation. Plants with deeper root systems are more drought resistant.
Micronutrient-dense seeds are associated with greater seedling vigour, which, in turn, is associated with higher plant yield. An important function of the seed is to supply the young seedling with minerals until it has developed a root system large enough to take over this role, but in nutrient-poor soils, the seed reserves may be insufficient to last until the extra roots are developed to compensate for the low mineral supply. The result is a transient and critical period of deficiency when the seedling is particularly vulnerable. Pathogens and weeds may gain an advantage not otherwise given, so that the plants never regain lost potential.
Will breeding for micronutrient-dense seeds change the processing or consumer characteristics of staple foods?
Mineral micronutrients comprise a tiny fraction of the physical mass of a seed, perhaps 10 parts per million in the case of cereals. Dense seeds may contain perhaps as many as 50 parts per million. Legumes have higher levels and may attain levels of 100 parts per million or more. It is not expected that such small amounts will alter the appearance, taste, texture, or cooking quality of foods.
Increasing the seed content of β-carotene, which is associated with an orange or yellow colour, will alter its colour, which might well reduce consumer preference. However, nutrition education could turn this obstacle to an advantage, as consumers could be taught that deepness of colour is visually representative of a nutrient-dense product.
Will micronutrient intakes be increased to a signifi cant degree?
To what extent will the extra micronutrients in staple foods consumed be bioavailable?
As stated above, an underlying cause of and fundamen-tal constraint on solution of the micronutrient malnutrition problem is that non-staple foods, particularly animal products, tend to be the foods richest in bioavailable micronutrients, which the poor in developing countries cannot afford. For the poor, staple foods are already primary sources of what micronutrients they are able to consume, particularly minerals.
A strength of a plant-breeding approach that focuses on food staples, then, is that it relies on existing consumer behaviour. The poor consume large amounts of food staples on a daily basis. This is demonstrated by food-intake data shown in table 1 for survey populations in Bangladesh and the Philippines. The average per capita yearly incomes in these countries range from US$45 in the poorest 20% of households to US$250 in the richest. Thus, they are typical of the middle to lower end of the income distribution in rural areas of these countries. In spite of the fact that staples are non-dense mineral sources with significant antinutrient content, food staples so dominate their diets that they provide from 40% to 55% of the total iron intakes in lower-income households. If a high proportion of the domestic production of food staples can be provided by nutritionally improved varieties, nutritional status can be improved without resort to programmes that depend on behavioural change.* If a single food staple (such as rice in Bangladesh) provides 50% of the total iron intake in a poor population, a doubling of the iron density in that staple will result in a 50% increase in total iron intake, and a tripling of the iron density will mean a doubling of total iron intake. Iron-deficiency anaemia is widespread among adult women in developing countries. For the lower-income households in table 1, iron intakes for women range from 50% to 75% of the recommended daily allowances. Despite the well-known difficulties of determining useful benchmarks for recommended daily allowances of iron, it would seem evident that a 50% increase in the intake of bioavailable iron would be of considerable benefit to anaemic women with such low iron intakes. Nevertheless, human studies still need to be undertaken to measure the effects of increased iron (or zinc) density in food staples on iron (or zinc) status and consequent improvements in health and productivity.
A key issue is whether the percent bioavailability of total iron (or zinc) intakes will remain constant or decline. The Food and Agriculture Organization/World Health Organization (FAO/WHO) recommend that people who obtain less than 10% of their calories from animal foods need more iron, because perhaps only 5% of total intake is absorbed. There is no reason to think that the degree of absorption of additional iron would be lower than the present rate of absorption. For example, rat studies suggest that the percentage of bioavailable iron (and zinc) remains relatively constant across cereal and bean genotypes with high and low density (see Welch et al. [23] in this issue).
A second key issue is the range of genetic diversity in iron (or zinc) density that can be identified for use in breeding programmes, which will determine the maximum level to which trace mineral density can be increased. Germplasm screening under the CGIAR Micronutrients Project suggests that the trace mineral contents of cereals can be at least doubled, as compared with those of commonly eaten cereal genotypes. This would increase the iron intakes of the populations surveyed in table 1 by about 50%.
Similar arguments apply to those staples in which provitamin A content may be enriched by plant-breeding (wheat, maize, and cassava, for example). Some differences apply, however, as compared with trace minerals. First, no agronomic advantages accrue to higher provitamin A content, so that high density will need to be bred into varieties that are otherwise high-yielding. Second, the colour of the final food product may change so that consumers may need to be educated as to the improved nutritional content, although if education programmes are successful, the colour change becomes an advantage in that it identifies those particular varieties of superior nutritional quality.
A breeding strategy of lowering the level of inhibiting substances (antinutrients) such as phytates in the grain has often been suggested as a way to increase the bioavailability of minerals already consumed.
Phytin is the primary storage form of phosphorus in most mature seeds and grains and is an important compound required for early seed germination and seedling growth [24, 25] . Phytin plays an important role in determining the mineral reserves of seeds and, thus, contributes to the viability and vigour of the seedling produced [26] . Selecting for seed and grain crops with substantially lower phytin content could have an unacceptable effect on production, especially in regions of the world with soils of low phosphorus status, poor micronutrient fertility, or both [27] .
Such attempts to significantly lower the antinutrient content of seeds and grains require a major shift in seed or grain composition. Because most of the antinutrients known to occur in seeds and grains are major organic constituents of these organs, they may play additional, as yet unrecognized, beneficial roles in plant growth and human health. Therefore, a breeding strategy of attempting to increase iron bioavailability by reducing antinutrient content is not recommended [27] .
Certain amino acids (cysteine and lysine, but particularly methionine) enhance iron and/or zinc bioavailability [28] . These amino acids occur in many staple foods, but their concentrations are lower than those found in meat products. A modest increase in the concentrations of these amino acids in plant foods might have a positive effect on iron and zinc bioavailability in humans. Iron and zinc occur only in micromolar amounts in plant foods, so only micromolar increases in the amounts of these amino acids may be required to compensate for the negative effects of antinutrients on iron and zinc bioavailability. These amino acids are essential nutrients for plants as well as for humans, so relatively small increases in their concentrations in plant tissues should not have adverse consequences on plant growth. The optimal breeding strategy from the point of view of bioavailability may be to increase the levels of promoter compounds [27] .
Are there other lower-cost, more easily sustainable strategies for reducing micronutrient malnutrition?
A plant-breeding strategy, if successful, will not eliminate the need for supplementation, fortification, and dietary diversification programmes in the future. Nevertheless, this strategy does hold promise for significantly reducing recurrent expenditures required for these higher-cost, short-run programmes by significantly reducing the numbers of people requiring treatment.
Costs of plant-breeding
To obtain a rough estimate of plant-breeding costs, the example of the CGIAR Micronutrients Project may be used. This project is a multidisciplinary effort among plant scientists, human nutritionists, and social scientists. The general objective over five years is to assemble the package of tools that plant breeders will need to produce mineral-and vitamin-dense cultivars. The target crops are wheat, rice, maize, phaseolus beans, and cassava. The target micronutrients being studied are iron, zinc, and vitamin A.
The plant-breeding effort can be seen as a two-stage process. The first five-year phase primarily involves research at central agricultural research stations, at an estimated US$2 million per year for research on all five crops. During this initial phase, promising germplasm is identified, and the general breeding techniques are developed for later adaptive breeding.
During the second phase, the research needs to shift to national agricultural research. The total costs and duration of this second phase are difficult to estimate but will depend on the number of countries involved and the number of crops worked on in each country. The annual cost for each country should not be more than the US$2 million per year estimated for the first phase.
Benefi ts to human nutrition
The World Bank [29] estimates that at the levels of micronutrient malnutrition existing in South Asia, 5% of the gross national product is lost each year because of deficiencies in the intakes of just three nutrients: iron, vitamin A, and iodine. For a hypothetical country of 50 million people burdened with this rate of malnutrition, deficiencies in these three nutrients could be eliminated through fortification programmes costing a total of US$25 million annually, or 50 cents per person per year. The monetary benefit of this US$25 million investment is quite high in terms of increased productivity; it is estimated to be US$20 per person per year, or a fortyfold return on an investment of 50 cents. These benchmark numbers will be used below as a basis of comparison with the benefits of a plantbreeding strategy.
Calculation of benefi t-cost ratios
The details of a formal benefit-cost analysis of a breeding strategy are presented in Bouis [30] . Expressed in present values, the costs are about US$13 million and the benefits US$274 million, giving a benefit-cost ratio of over 20, which is quite favourable, despite the very conservative assumptions made and the long time lag between investments and benefits.
This last point highlights an essential difference between investments in standard fortification programmes and fortification through plant-breeding strategies. Standard fortification programmes must be sustained at the same level of funding year after year. If investments are not sustained, the benefits disappear. Such investments apply to a single geographical area such as a nation-state. By contrast, investments in research in plant-breeding have multiplicative effects: the benefits may accrue to a number of countries. Moreover, the benefits are sustainable: the benefits from breeding advances typically do not disappear after initial investments and research are successful, as long as an effective domestic agricultural research infrastructure is maintained.
Conclusions
The time is long overdue for involving agricultural research directly in the fight against micronutrient malnutrition. Because trace minerals are important not only for human nutrition but also for plant nutrition, plant-breeding holds great promise for making a significant, low-cost, and sustainable contribution to reducing deficiencies of micronutrients, particularly of minerals, in humans and may have important spin-off effects in increasing farm productivity in developing countries in a way that is environmentally beneficial.
The results so far obtained under the CGIAR Micronutrients Project indicate that the breeding parameters are not difficult and are highly likely to be low cost. The following points are seminal: » Adequate genetic variation in concentrations of β-carotene, other functional carotenoids, iron, zinc, and other minerals exists in the major germplasm banks to justify selection. » Micronutrient-density traits are stable across environments. » In all crops studied, it is possible to combine the high micronutrient-density trait with high yield, unlike protein content and yield, which are negatively correlated. » Genetic control is simple enough to make breeding economical. » It will be possible to improve the content of several limiting micronutrients together, thus pushing populations towards nutritional balance. » In elite breeding lines, the bioavailability of the extra nutrient is high for rats and, when the density is high enough for the test, also for human colon cell lines. Tests on human populations are now a high priority.
Moreover, from a broader perspective of food and human nutrition systems, the combining of benefits to human nutrition and agricultural productivity, resulting from breeding staple food crops that are more efficient in the uptake of trace minerals from the soil and that load more trace minerals into their seeds, results in extremely high ex ante estimates of benefit-costs ratios for investments in agricultural research in this area. This finding derives from the confluence of several complementary factors: » The rates of micronutrient malnutrition are high in developing countries, as are the consequent costs to human welfare and economic productivity. » High trace mineral density in seeds produces more viable and vigorous seedlings in the next generation, and efficiency in the uptake of trace minerals improves disease resistance, agronomic characteristics that improve plant nutrition and productivity in trace-mineral-"deficient" soils. » A significant percentage of the soils in which staple foods are grown are "deficient" in these trace minerals, which has kept crop yields low. In general, these soils in fact contain high amounts of trace minerals. However, because of chemical binding to other compounds, these trace minerals are unavailable to staple crop varieties presently used. » The adoption of nutritionally improved varieties by farmers can rely on profit incentives, either because of agronomic advantages on trace-mineral-deficient soils or incorporation of nutritional improvements in the most profitable varieties being released. » Because staple foods are eaten in large quantities every day by the malnourished poor, the delivery of enriched staple foods (fortified by the plants themselves during growth) can rely on existing consumer behaviour. » The benefits from relatively small investments in agricultural research may be disseminated widely, potentially accruing to hundreds of millions of people and millions of acres of croplands. » Breeding advances are derived from initial, fixed costs, with low recurring costs, and thus tend to be highly sustainable as long as an effective domestic agricultural research infrastructure is maintained. A plant-breeding strategy, if successful, will not eliminate the need for supplementation, fortification, dietarydiversification, and disease-reduction programmes in the future to combat micronutrient malnutrition. Nevertheless, this strategy holds great promise for significantly reducing recurrent expenditures required for these higher-cost, short-run programmes by significantly reducing the numbers of people requiring treatment. Cost is not a key issue in the decision to pursue a plant-breeding strategy to improve human nutrition. A relatively modest level of resources is required, and the potential payoff is quite high.
